Introduction
Plasma membrane voltage-activated calcium channels (Cav channels) regulate intracellular Ca 2 + concentration. Ca 2 + influx through these channels leads to a wide range of intracellular processes, such as activation of calciumdependent enzymes, gene transcription, and neurotransmitter secretion [1] . Cav channels are classified into three families: Cav1 (L-type), Cav2 (P/Q-type, N-type, and R-type), and Cav3 (T-type) [2] . Cav1 channels comprise a family of four members, namely Cav1.1-Cav1.4 of which Cav1.2 and Cav1.3 are the main isoforms present in the brain [3] . Cav1 channels play a critical role in somatodendritic Ca 2 + influx and are involved in action potentials, synaptic plasticity, and learning and memory [1, [4] [5] [6] [7] .
In addition to influx through Cav channels, Ca 2 + can also be released from internal stores through inositol 1,4,5-trisphosphate receptors or ryanodine receptors [8] . Ryanodine receptor 3-deficient mice showed better learning and memory in the spatial version of the Morris water maze, which was thought to be because of altered Ca 2 + recruitment dynamics between intracellular and extracellular Ca 2 + resources involved in long-term potentiation (LTP) [9] .
All known regulator of G-protein signaling (RGS) proteins act as GTPase-activating proteins targeting Ga subunit to terminate the G-protein-mediated signal transmission in mammalian cells [10] . Within the family of RGS proteins, RGS-14 is a multidomain protein and belongs to a subfamily that in addition to a conserved 120 amino acids RGS domain for binding with active Gi/o a-guanine triphosphate to confer GTPase-activating proteins activity, contains a tandem Rap1/2 binding domain, a GoLoco/G-protein regulatory motif that binds to inactive guanosine diphosphate and Gi a1/3, and other regions with unknown functions [10, 11] . RGS-14 interacts selectively with members of the Gia and Goa subfamily of G-proteins to regulate their guanine nucleotide binding and hydrolysis activity. Recently, our laboratory has shown that this protein is involved in the formation of long-term memory [12] . Therefore, in a quest to underpin the mechanism that underlies RGS-14 protein-mediated memory formation and with the consideration of the expression of RGS-14 proteins observed in the brain [13] and of the role of Cav channels in the memory [4, 7] , we have evaluated the participation of RGS-14 protein in the regulation of intracellular Ca 2 + levels. With the use of two different cell lines of neuronal origin and two different Ca 2 + measurement methods, we found that the expression of RGS-14 protein in these cell lines substantially reduced Ca 2 + influx and that this reduction in Ca 2 + was mediated through Cav1 channels.
Methods

Preparation of the regulator of G-protein signaling-14 recombinant vector
Human RGS-14 gene was cloned in our laboratory (GenBank accession number AY987041). RGS-14 gene was inserted into pcDNA 6.2/C-EmGFP vector by Gateway recombination using Vivid Colors pcDNA 6.2/C-EmGFP Gateway vector system (Invitrogen, Barcelona, Spain). The coexpression of this tagged-EmGFP will allow easy identification of the cells expressing RGS-14 proteins. pcDNA 6.2/C-EmGFP/GW/CAT vector without the gene insert was used as a control. The recombinant vector of RGS-14 gene was transformed into OmniMAX 2 T1 Phage-Resistant Escherichia coli (Invitrogen) for the expansion of plasmids and DNA was purified with Wizard Plus Maxipreps DNA Purification System Kit (Promega Biotech, Madrid, Spain). The absorbance ratio (A 260/280 ) of the isolated DNA was above 1.7.
Cell culture
Two cell lines SH-SY5Y (neuroblastoma cell line) and NG108-15 (neuroblastoma-glioma cell line) of neuronal origin (LGC Standards, Barcelona, Spain) were used in this study. They were selected because of their functional expression of Cav channels and the capacity for KClstimulated Ca 2 + turnover [14, 15] . NG108-15 was cultured in high glucose Dulbecco's modified Eagle's medium supplemented with 2% hypoxanthine aminopterin thymidine complement, 10% fetal bovine serum, and 1% penicillin/streptomycin. The SH-SY5Y was cultured in 1 : 1 Eagle's Modified Essential Media and F12 Medium supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 1500 mg/l NaHCO 3 , 10% fetal bovine serum, and 1% penicillin/streptomycin. A humidified incubator of 5% CO 2 at 371C was used.
Transfection with Lipofectamine 2000
Cells were plated in 2 ml of complete growth medium (1-3 Â 10 5 cells in 35 mm culture dishes). After 48 h, a period when cells with 90-95% confluence have been observed, the cells were processed for transfection with Lipofectamine 2000 (Invitrogen). On the day of transfection, the medium was replaced with a fresh one without antibiotics. For the transfection, complex A (4 mg DNA in 250 ml of Opti-MEM I) and complex B (10 ml Lipofectamine 2000 in 250 ml of Opti-MEM I) were prepared. Complexes A and B were combined and incubated for 20 min at room temperature. Five hundred microliter of this combined solution was added to the culture plate containing cells. Plate was incubated for 4 h in CO 2incubator. The medium was then replaced with growth medium without antibiotics. The incubation continued for 48 h to allow for maximal protein expression. The expression of RGS-14 protein was confirmed by immunocytochemistry using specific antibody [13] .
Fluorescence immunocytochemistry
After transfection and protein expression as described above, cells grown on Flask-style glass slides (Nunc, Barcelona, Spain) were fixed with 4% paraformaldehyde and 0.2% glutaraldehyde for 10 min and permeabilized with 0.3% Triton X-100. Immunofluorescence staining of cells was performed as described. Briefly, after incubation with RGS-14 antibody (1 : 200), cells were incubated with Alexa 568 (red) coupled to anti-rabbit IgG (1 : 1000; Invitrogen). Images of EmGFP (green) and RGS-14 antibody (red) were taken using a Leica fluorescence microscope (Wetzlar, Germany).
Dye loading
Culture medium was replaced by a Na-HEPES buffer containing (in millimolar) 140 NaCl, 4.7 KCl, 1.3 CaCl 2 , 1 MgCl 2 , 10 HEPES, 10 glucose, 0.2% bovine serum albumin (pH 7.4). SH-SY5Y cells were incubated with Fura-Red AM (10 mM) for 30 min in a CO 2 -incubator at 371C (Invitrogen). However, NG108-15 cells were incubated with Rhod-2 AM (8 mM) for 30 min at 23-251C (Invitrogen). Alternatively, NG108-15 cells were coincubated with Rhod-2 AM and Mito-Tracker Green FM (Invitrogen).
Ca 2 + measurement using Fura-Red AM
After loading the dye, coverslips containing cells were mounted onto a perfusion chamber placed on the stage of a confocal laser scanning microscope (LSM 410, Zeiss, Jena, Germany) equipped with an image acquisition and analysis system. The fluorescence change after the application of 50 mM KCl was measured. Changes in fluorescence intensity were calculated by dividing the fluorescence level after KCl application (F) with average baseline fluorescence (F 0 ). Nonstimulus related spontaneous changes in fluorescence were less than 3%. Ca 2 + measurement using Rhod-2 AM Similar to the above procedure, coverslips containing dyeloaded cells were mounted onto a perfusion chamber located on the stage of an inverted microscope (Nikon Eclipse TE300, Nikon, Tokyo, Japan). Fluorescence changes were determined by an MRC-1024 confocal laser scanning system (Bio-Rad, Madrid, Spain). After the application of 50 mM KCl, images were recorded and fluorescence changes were plotted as F/F 0 .
Cells double-loaded with Rhod-2 AM and Mito-Tracker Green, were simultaneously excited, and the emitted fluorescence was recorded. Neutral density filters were used to reduce laser intensity to 0.3-1% to diminish photo-bleaching.
The results are reported as mean ± standard error of the mean of 3-6 independent experiments with at least 6-10 cells in each. Statistical analysis was carried out by oneway analysis of variance followed by Tukey's post-hoc 
Results
To understand the role of RGS-14 protein in the mediation of Ca 2 + influx through plasma membrane Cav channels, SH-SY5Y, and NG108-15 cells containing RGS-14 protein were exposed to 50 mM KCl to induce cellular depolarization. This process of chemical depolarization drives Cav channel pore opening and subsequently the entry of Ca 2 + into the cells [15] . The determination of Ca 2 + increase in the cytoplasm was used as a tool to evaluate the effect of RGS-14 protein on this process. Here, Fig. 1 represents the study performed in SH-SY5Y cells with Fura-Red and Fig. 2 shows the results obtained in NG108-15 cells with Rhod-2 AM. The difference between both the dyes is that the binding of free Ca 2 + with Fura-Red proportionally decreases the fluorescence intensity and in contrary, binding with Rhod-2 AM increases the intensity of fluorescence.
In nontransfected SH-SY5Y cells (control), KCl stimulation substantially increases the cytoplasmic free Ca 2 + level (Fig. 1a) . A similar level of increase was also observed in cells transfected with the control vector (vector). However, in contrast to the control vector transfected and nontransfected cells, the expression of RGS-14 protein in SH-SY5Y cells reduced this increase in cytoplasmic Ca 2 + level to KCl stimulation (Fig. 1a) , indicating that this protein may be involved in regulating Ca 2 + influx into the cell. The KCl-mediated Ca 2 + increase in control vector transfected cells was dependent on the presence of extracellular Ca 2 + (Fig. 1a ) because the use of Ca 2 + free medium instead of normal medium resulted in complete loss of Ca 2 + transients. In addition, pretreatment with nifedipine (5 mM), a specific Cav1 channel blocker, completely blocked the KCl-mediated Ca 2 + influx in both the control vector and RGS-14 transfected cells (Fig. 1a) . These results suggest that KCl-mediated Ca 2 + increase in the SH-SY5Y cells is through membrane bound Cav1 channels. The finding of no effect in the Ca 2 + concentration after the treatment with dantrolene (100 mM), an intracellular Ca 2 + storage inhibitor, in both the control vector and RGS-14 transfected cells, further ascertains the concept of the involvement of Cav1 channels into this signaling process and furthermore, excludes the possibility of participation of intracellular Ca 2 + storage. As expected, in an immunocytochemistry study, we found a reasonably good level of RGS-14 protein expression in these cells ( Fig. 1bii ) and that these proteins were colocalized with tagged EmGFP (Fig. 1bi and iii) .
Similar to SH-SY5Y cells, transfection of the same recombinant RGS-14 plasmid into NG108-15 cells also resulted in the reduction of KCl-stimulated increase in the cytoplasmic Ca 2 + level ( Fig. 2a ). Presence of RGS-14 protein produces a significant decrease in Ca 2 + levels. This effect seems to be specific to RGS-14 protein because sGi2 protein, a member of the G-protein family (data not shown), and EmGFP protein (control vector) did not produce any effect. As in SH-SY5Y cells, the reduction in Ca 2 + influx in NG108-15 cells was dependent on the presence of extracellular Ca 2 + (Fig. 2a) . Further, pretreatment of these RGS-14-cells with nifedipine completely abolished this activity. Thus, results from NG108-15 cells further suggest the participation of Cav1 channels into RGS-14 protein-mediated Ca 2 + influx.
During dye loading with Rhod-2 AM in different time frames, it has been shown that dye was not only present in cytoplasm but was also observed in mitochondria [16] . Therefore, to determine the time point for labeling only in cytoplasm in our experimental conditions and to discard the possible interference of mitochondrial fluorescence during the analysis of Ca 2 + levels, we have evaluated Rhod-2 AM labeling in mitochondria using Mito-Tracker Green, a dye specific for mitochondria. The coincubation of NG108-15 cells with Rhod-2 AM and Mito-Tracker Green FM for 30 min showed no indication of the presence of Rhod-2 AM in the mitochondria because no overlap of Mito-Tracker Green with Rhod-2 AM was observed (Fig. 2bi ). However, incubation performed for 50 min during dye loading showed substantial labeling of Rhod-2 AM in mitochondria, which was evident from the colocalization of both the dyes (Fig. 2bii) . These results show that mitochondrial fluorescence did not contribute in the Ca 2 + level determination in our experiments of NG108-15 cells with Rhod-2 AM.
Discussion
Cav channels play a critical role in many aspects of neuronal function [7] . However, the interplay between Ca 2 + and memory processing has recently shown unexpected complexities. Much excitement now centers on the work showing that Ca 2 + regulates both forms of synaptic plasticity named LTP and long-term depression, which means that it may determine whether memory is strengthened or weakened [17] . Ca 2 + transientsmediated through Cav channels initiates downstream signaling, which is not only required for the acquisition and consolidation of memory but is also considered important for synaptic plasticity [18] . It has been also shown that Ca 2 + transients of different amplitude induced by varying levels of Ca 2 + influx can lead to a switch between LTP and long-term depression depending on the status of cytosolic Ca 2 + concentration [17] . These results suggest that different levels of Ca 2 + may lead to differential effects on memory processing and consolidation. There is ample evidence that indicates the association of Cav1 channels in the mediation of learning and memory and correlated adaptations in synaptic plasticity [4] [5] [6] . Mutants of Cav1 channel isoform Cav1.2 have deficits in synaptic plasticity in the central nervous system and in spatial learning [19] . Conditional forebrain deletion of the same isoform disrupts remote spatial memories while sparing recently acquired spatial memories [20] . In addition to Cav1.2, deletion of another Cav1 channel isoform Cav1.3 results in deficit in consolidation of memory for fear conditioning but does not alter the hidden platform version of the water maze [21] . These results indicate that malfunction in Ca 2 + influx mediated through Cav1 channels produces defects in learning and memory.
Apart from the genetic manipulations of Cav channels, pharmacological activation has been shown to promote Ca 2 + influx through Cav1 channels and triggers processes that underlie long-term retention or amygdaladependent conditioned fear memory [4] . However, behavioral experiments using Cav1 channel blockers either administered systemically or as intracranial infusions have yielded contradictory results. In fact, a number of investigations suggest that pharmacological blockage of Cav1 channels enhance and not impair learning and memory. Chronic treatment with Cav1 channels antagonist nimodipine ameliorated age-related working memory deficits and accelerated the rate of learning in mice at different behavioral tasks [5, 6] . Similarly, mice in which the b3 subunit of the voltage-dependent Ca 2 + channels was knocked out also showed enhanced LTP and memory [22] . It has been suggested that excessive Ca 2 + influx through Cav1 channels may in fact be detrimental to memory formation. For instance, increases in Cav1 channels currents in cornu ammonis 1 (CA1) area of the aged hippocampus correlated with the degree of learning impairment on a hippocampal-dependent task [23] . In addition, continuously maintained inward Ca 2 + currents because of Cav1.2 missense mutation produce cognitive deficits [24] . Therefore, we argue that our results of RGS-14 protein-mediated reduction of intracellular Ca 2 + level through modulation of Cav1 channels may serve as a mechanism in the facilitation of memory [12] . It is suggested that RGS-14 proteins may interact with Cav1 channels to promote reduction in Ca 2 + influx into the cell in the same way as observed in the case of RGS-12 protein, another protein that belongs to the same family, where modulation was observed through N-type Ca 2 + channels [25] . Thus, RGS-14 protein may in fact prevent higher Ca 2 + levels into the cytoplasm by reducing Ca 2 + influx through Cav1 channels.
Conclusion
In conclusion, we have shown that RGS-14 protein promotes reduction in cytoplasmic Ca 2 + concentration in two different neuronal cell lines and that this effect was dependent on nifedipine-sensitive Cav1 channels. It is proposed that this RGS-mediated reduction in Ca 2 + signaling may facilitate the cognitive processing and memory formation. This theory is currently under investigation in our laboratory.
